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(57) ABSTRACT 

A power converter includes an output circuit and a control 
circuit. The output circuit has an upper Switching device 
connected to a direct-current power source and a lower 
Switching device connected in series with the upper Switching 
device. The output circuit Supplies power to a load from a 
connection point between the Switching devices. The control 
circuit Supplies pulse-modulated control signals to the 
switching devices to turn ON and OFF the switching devices. 
The control circuit variably sets a Switching speed and a 
dead-time of the Switching devices in Such a manner that as 
the Switching speed becomes slower, the dead-time becomes 
longer. 

11 Claims, 20 Drawing Sheets 
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1. 

POWER CONVERTER 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application is based on Japanese Patent Application 
No. 2012-1444.06 filed on Jun. 27, 2012, the contents of 
which are incorporated herein by reference. 

FIELD 

The present disclosure relates to a power converter that 
includes a series circuit of two Switching devices connected to 
a direct-current power source and Supplies power to a load 
from a connection point between the Switching devices. 

BACKGROUND 

US 2001/0002782 corresponding to JP-A-2001-169407 
discloses a power converter used for control of a motor which 
is mounted on an electric vehicle to drive the vehicle. The 
power converter includes an inverter circuit to convert direct 
current (DC) power to alternating-current (AC) power. 

Generally, an inverter circuit used for control of a motor is 
connected to a DC power source and includes upper and lower 
Switching devices that are connected in series to form a so 
called leg of the inverter circuit. The inverter circuit supplies 
power to an inductive load from a connection point between 
the upper and lower Switching devices. For example, an 
inverter circuit for a three-phase motor has three legs that are 
connected in a bridge configuration. PWM signals are applied 
to switching devices of the inverter circuit, and the Switching 
devices are switched ON and OFF in accordance with the 
PWM signals. Thus, the inverter circuit generates AC power 
from the DC power source. 

In an inverter circuit that drives an inductive load, a diode 
is connected in antiparallel with each switching device. When 
one of upper and lower switching devices is turned OFF, an 
electric current circulates through the inductive load and the 
diode of the other of the upper and lower switching devices. 
Typically, a dead-time, where both the upper and lower 
switching devices are kept OFF, is provided to prevent the 
upper and lower Switching from being ON at the same time, 
thereby avoiding a short-circuit in a power source. 

In practice, a power converter including an inverter circuit 
is required to achieve a stable and efficient operation by 
overcoming two challenges that have a trade-off relationship. 
The first challenge is to protect a Switching device from a 
Surge Voltage. The second challenge is to reduce loss. Spe 
cifically, in a Switching device Such as an IGBT or a power 
MOS transistor used in an inverter circuit, although a switch 
ing loss (i.e., heat generation) decreases with an increase in a 
Switching speed, a Surge Voltage increases with the increase in 
the Switching speed. That is, as the Switching speed at which 
the switching device is turned ON and OFF in accordance 
with the PWM signal becomes faster, the surge voltage 
becomes larger. When the Surge Voltage exceeds an allowable 
breakdown Voltage of the Switching device, the Switching 
device is broken. Therefore, to ensure a stable operation of the 
Switching device, the Switching speed is so slow that the Surge 
Voltage can be smaller than the breakdown Voltage. One 
approach to reduce the Switching speed is to connect an input 
resistor (i.e., gate resistor) in series with a gate of the Switch 
ing device so that rising and falling edges of a waveform of a 
gate signal can be smoothed. However, this approach 
increases a Switching loss, and therefore it is difficult to 
achieve an efficient operation of the switching device. Fur 
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2 
ther, since the increase in the Switching loss causes an 
increase in heat generated in the Switching device, there is a 
possibility that a temperature of the Switching device exceeds 
an allowable temperature of the switching device. For these 
reasons, if it is impossible to set the Switching speed to satisfy 
both the allowable breakdown voltage and the allowable tem 
perature, there is a need to increase the breakdown Voltage 
and/or the size of the switching device. As a result, the size 
and cost of the Switching device are increased. 

In a technique disclosed in US 2001/0002782, the switch 
ing speed is changed based on the temperature of the Switch 
ing device to protect the Switching device from the Surge 
Voltage and to reduce the Switching loss. However, according 
to the technique, the dead-time is determined based on when 
the switching speed is slow. Therefore, when the switching 
speed is fast, the dead-time is too long. The excessive dead 
time degrades a Voltage utilization factor of a power converter 
and also causes a ripple in output Voltage. Therefore, for 
example, when the technique is applied to a power converter 
for a motor, an available RPM-torque range of the motor may 
be narrowed, and also quietness may be degraded due to a 
torque ripple. 

SUMMARY 

In view of the above, it is an object of the present disclosure 
to provide a power converter for achieving a stable and effi 
cient operation without increases in size and cost. 

According to an aspect of the present disclosure, a power 
converter includes an output circuit and a control circuit. The 
output circuit has an upper Switching device connected to a 
direct-current power Source and a lower Switching device 
connected in series with the upper switching device. The 
output circuit Supplies power to a load from a connection 
point between the switching devices. The control circuit Sup 
plies pulse-modulated control signals to the Switching 
devices to turn ON and OFF the switching devices. The 
control circuit variably sets a Switching speed and a dead-time 
of the switching devices. When the switching speed is set to a 
first speed, the dead-time is set to a first time length. When the 
Switching speed is set to a second speed faster than the first 
speed, the dead-time is set to a second time length shorter than 
the first time length. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other objects, features and advantages of the 
present disclosure will become more apparent from the fol 
lowing detailed description made with reference to the 
accompanying drawings. In the drawings: 

FIG. 1 is a block diagram of a power converter according to 
a first embodiment of the present disclosure. 

FIG. 2A is a diagram showing temperature characteristics 
of a typical Switching device, FIG. 2B is a diagram showing a 
temperature characteristic of an IGBT, and FIG. 2C is a 
diagram showing settings of a Switching speed and a dead 
time of switching devices of the power converter; 

FIG. 3 is a timing chart of the power converter; 
FIG. 4A is a diagram showing a specific example of a 

determination circuit of the power converter, FIG. 4B is a 
diagram showing a relationship between a temperature signal 
and a temperature, and FIG. 4C is a diagram illustrating a 
relationship between an output of an NOT gate and the set 
tings of the Switching speed and the dead-time; 

FIG. 5A is a diagram showing a specific first example of a 
switching speed switcher of the power converter, and FIG.5B 
is a diagram showing a specific second example of the Switch 
ing speed Switcher, 
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FIG. 6 is a diagram showing a specific first example of a 
dead-time generator of the power converter, 

FIG. 7 is a timing chart of the dead-time generator shown in 
FIG. 6; 

FIG. 8 is a diagram showing a second specific example of 
the dead-time generator, 

FIG. 9 is a timing chart of the dead-time generator 22 
shown in FIG. 8: 

FIG. 10 is a timing chart of a first example of a control 
method to change the Switching speed and the dead-time; 

FIG. 11 is a timing chart of a second example of a control 
method to change the Switching speed and the dead-time; 

FIG. 12 is a timing chart of a third example of a control 
method to change the Switching speed and the dead-time; 

FIG. 13 is a timing chart of a fourth example of a control 
method to change the Switching speed and the dead-time; 

FIG. 14 is a block diagram of a power converter according 
to a second embodiment of the present disclosure; 

FIG. 15A shows necessary characteristics of switching 
devices to drive a motor on an input voltage, and FIG. 15B is 
a diagram showing settings of a Switching speed and a dead 
time of Switching devices; 

FIGS. 16A and 16B are diagrams showing a result of an 
experiment performed by an inventor to evaluate effects of the 
settings shown in FIG. 15B; 

FIG. 17A is a diagram showing a first specific example of 
a determination circuit shown in FIG. 14, and FIG. 17B is a 
diagram showing a relationship between an output of a com 
parator and the settings of the Switching speed and the dead 
time; 

FIG. 18 is a diagram showing characteristics of the switch 
ing devices on a load current; 

FIG. 19A is a diagram showing a second specific example 
of the determination circuit shown in FIG. 14, and FIG. 19B 
is a diagram showing a relationship between an output of a 
logic circuit and the settings of the Switching speed and the 
dead-time; 

FIG. 20A is a diagram showing a third specific example of 
the determination circuit shown in FIG. 14, and FIG.20B is a 
diagram showing a relationship between an output of a logic 
circuit and the settings of the Switching speed and the dead 
time; 

FIG. 21A is a diagram showing a first specific example of 
the logic circuit shown in FIGS. 19A and 20A, and FIG.21B 
is a diagram showing a logic table of the logic circuit shown 
in FIG. 21A; and 
FIG.22A is a diagram showing a second specific example 

of the logic circuit shown in FIGS. 19A and 20A, and FIG. 
22B is a diagram showing a logic table of the logic circuit 
shown in FIG. 22A. 

DETAILED DESCRIPTION 

Embodiments of the present disclosure are described 
below with reference to the drawings. 

First Embodiment 

FIG. 1 illustrates a block diagram of a power converter 100 
according to a first embodiment of the present disclosure. 
The power converter 100 serves as an inverter circuit for 

converting DC power to AC power. The power converter 100 
includes an output circuit 10 and a gate control circuit 20. 
The output circuit 10 has an upper switching device SH and 

a lower switching device SL. For example, the upper switch 
ing device SH and the lower switching device SL can be 
IGBTs or power MOS transistors. The upper switching 
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4 
device SH and the lower switching device SL are connected in 
series to form a U-phase leg between a DC power source E 
and a ground. A diode DH is connected in antiparallel with the 
upper switching device SH. A diode DL is connected in 
antiparallel with the lower switching device SL. 
The AC power is supplied to a U-phase of a three-phase 

motor M, which is an inductive load, from a connection point 
P between the upper switching device SH and the lower 
Switching device SL (i.e., from a connection point between 
the diode DH and the diode DL). Although not shown in the 
drawings, the output circuit 10 further includes a V-phase leg 
and a W-phase leg. The V-phase leg and the W-phase leg are 
configured in the same manner as the U-phase leg. The 
U-phase leg, the V-phase leg, and the W-phase leg are con 
nected in a bridge configuration. For the sake of simplicity, 
explanations regarding the V-phase leg and the W-phase leg 
are left out in the following description. The upper switching 
device SH and the lower switching device SL of the output 
circuit 10 are turned ON and OFF in accordance with pulse 
modulated signals so that the AC power Supplied to the motor 
M can be generated from the DC power source E. 
When one of the upper switching device SH and the lower 

switching device SL is turned OFF, an electric current circu 
lates through the motor M and the diode DH or DL which is 
connected in antiparallel with the other of the upper switching 
device SH and the lower switching device SL. A dead-time, 
which is a time period where both the upper switching device 
SH and the lower switching device SL are kept OFF, is pro 
vided to prevent the upper switching device SH and the lower 
switching device SL from being ON at the same time, thereby 
avoiding a short-circuit in the DC power source E. According 
to the first embodiment, the dead-time can be changed by the 
gate control circuit 20. That is, the dead-time is variable. 
Further, a switching speed (SW speed) of the upper switching 
device SH and the lower switching device SL can be changed 
by the gate control circuit 20. 

Specifically, the gate control circuit 20 outputs a pulse 
modulated gate signal GU and a pulse-modulated gate signal 
GL to the upper switching device SH and the lower switching 
device SL, respectively. According to the first embodiment, 
the pulse-modulated gate signals GU and GL are pulse-width 
modulation (PWM) signals. The gate control circuit 20 
includes a drive signal generator 21, a dead-time generator 
22, a determination circuit 23, and a Switching speed Switcher 
24, and a level shifter LS. For example, the drive signal 
generator 21, the dead-time generator 22, and the determina 
tion circuit 23 can be incorporated in an electrical control unit 
(ECU) of a vehicle. The switching speed switcher 24 changes 
gate input resistances of the upper Switching device SH and 
the lower switching device SL. The switching speed switcher 
24 includes a resistor R1, a resistor R2, and a switch K1. The 
Switch K1 changes a connection condition between the resis 
tors R1 and R2. Specifically, when the switch K1 is turned ON 
(i.e., closed), the resistor R2 is connected in parallel with the 
resistor R1. In contrast, when the Switch K1 is turned OFF 
(i.e., opened), the resistor R2 is disconnected from the resistor 
R1. 
The power converter 100 further includes a temperature 

sensor 30 for detecting a temperature of the upper Switching 
devices SH and the lower switching device SL. The tempera 
ture sensor 30 outputs a temperature signal S1 indicative of 
the detected temperature to the determination circuit 23 of the 
gate control circuit 20. For example, the temperature sensor 
30 can be included in the output circuit 10. The determination 
circuit 23 outputs a dead-time change signal S2 to the dead 
time generator 22. The dead-time generator 22 outputs drive 
signals d Hand d L based on the dead-time change signal S2 
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and a PWM signal S3 inputted from the drive signal generator 
21. The drive signals d Hand d L are generated for the upper 
and lower switching devices SH and SL, respectively, to 
provide the dead-time. The determination circuit 23 further 
outputs a Switching speed change signal S4 to the Switching 
speed Switcher 24. The Switching speed change signal S4 
turns ON and OFF the switch K1 to change the connection 
condition between the resistors R1 and R2, thereby setting a 
predetermined Switching speed to the drive signals d H and 
d L inputted from the dead-time generator 22. ARPM/torque 
command signal S5 is inputted to the drive signal generator 
21, and the drive signal generator 21 outputs the PWM signal 
S3 based on the RPM/torque command signal S5. 
As described below, according to the first embodiment, 

when the Switching speed is set to a slower speed, the dead 
time is set to a longer time length, and when the Switching 
speed is set to a faster speed, the dead-time is set to a shorter 
time length. 

FIG. 2A shows temperature characteristics of a typical 
switching device such as an IGBT or a power MOSFET. As 
shown in FIG. 2A, as a temperature of the switching device 
becomes higher, a breakdown Voltage of the Switching device 
becomes higher, an allowable Surge Voltage of the Switching 
device becomes larger, and an allowable loss of the Switching 
device becomes smaller. For example, as shown in FIG. 2B, 
as a temperature of an IGBT becomes higher, an allowable 
breakdown voltage of the IGBT becomes larger. 

FIG. 2C shows settings of the switching speed and the 
dead-time of the switching devices SH and SL of the power 
converter 100 according to the first embodiment. According 
to the first embodiment, when the temperature of the switch 
ing devices SH and SL is lower than a predetermined thresh 
old temperature, the Switching speed is set to a first speed, and 
the dead-time is set to a first time length. In contrast, when the 
temperature of the switching devices SH and SL is not lower 
than the threshold temperature, the Switching speed is set to a 
second speed faster than the first speed, and the dead-time is 
set to a second time length shorter than the first time length. 

FIG.3 shows a timing chart of the power converter 100 and 
illustrates the temperature signal S1, the PWM signal S3, the 
drive signald H, the drive signald L., the dead-time, the gate 
signal GU, the gate signal GL, and the Switching speed. 
As described above, in the output circuit 10 of the power 

converter 100, the upper and lower switching devices SH and 
SL are connected in series between the DC power source E 
and the ground, and the AC power is Supplied to the three 
phase motor M from the connection point P between the 
upper switching device SH and the lower switching device 
SL. In Such a circuit configuration, as discussed in the BACK 
GROUND section of the specification, two challenges having 
a trade-off relationship need to be overcome to achieve a 
stable and efficient operation. The first challenge is to protect 
the Switching devices SH and SL from a Surge Voltage, and the 
second challenge is to reduce a Switching loss (i.e., heat 
generation) of the switching devices SH and SL. That is, in a 
switching device such an IGBT or a power MOS transistor, 
although a Switching loss decreases with an increase in a 
Switching speed, a Surge Voltage increases with the increase in 
the Switching speed. Therefore, as the Switching speed 
becomes faster, the Switching device is broken more easily. 

However, if the switching speed is reduced, the switching 
loss becomes large. Accordingly, an operational efficiency is 
reduced. Therefore, as far as the Surge Voltage is Smaller than 
an allowable breakdown voltage of the switching device, the 
Switching speed needs to be increased as much as possible to 
reduce the Switching loss. 
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6 
The present inventors have focused on the fact that the 

breakdown Voltage of the Switching device varies depending 
on the temperature of the Switching device. That is, as shown 
in FIG. 2A, as the temperature becomes higher, the break 
down Voltage becomes higher. By using this temperature 
dependence of the breakdown voltage of the switching 
device, the Switching speed of the Switching device is set as 
fast as possible at each temperature while keeping the Surge 
voltage smaller than the breakdown voltage. When the 
Switching speed of the Switching device is set as fast as 
possible, the dead-time, where both the upper switching 
device and the lower switching device are kept OFF, is 
reduced so that the total voltage utilization factor of the power 
converter can be improved. 
As mentioned above, according to the first embodiment, 

the dead-time can be changed by the gate control circuit 20 
which outputs the PWM gate signal GU and the PWM gate 
signal GL to the upper switching device SH and the lower 
switching device SL, respectively. Further, the switching 
speed of the upper switching device SH and the lower switch 
ing device SL can be changed by the gate control circuit 20. 
Specifically, as shown FIG. 2C, when the temperature of the 
switching devices SH and SL is not lower than the threshold 
temperature, the Switching speed is set to a faster speed, and 
the dead-time is set to a shorter time length. In contrast, when 
the temperature of the switching devices SH and SL is lower 
than the threshold temperature, the Switching speed is set to a 
slower speed, and the dead-time is set to a longer time length. 
In Such an approach, the Switching speed is set as fast as 
possible at each temperature while keeping the Surge Voltage 
smaller than the breakdown voltage. Thus, the dead-time is 
reduced as much as possible. This approach allows a general 
switching device to be used for the switching devices SH and 
SL. In other words, there is no need to use a specialized 
Switching device with a high breakdown Voltage and a large 
size for the switching devices SH and SL. Therefore, an 
increase in the size and cost of the switching devices SH and 
SL can be avoided. 

For example, according to the first embodiment, as shown 
in the timing chart of FIG.3, in a lower temperature condition 
where the temperature of the switching devices SH and SL is 
lower than a threshold temperature T0, the switching speed is 
set to a first speed Sp1, and the dead-time is set to a first time 
length DT1. In contrast, in a higher temperature condition 
where the temperature of the switching devices SH and SL is 
not lower than the threshold temperature T0, the switching 
speed is set to a second speed Sp2 faster than the first speed 
Sp1, and the dead-time is set to a second time length DT2 
shorter than the first time length DT1. In such an approach, 
while the surge voltage is kept smaller than the breakdown 
Voltage in the lower temperature condition, the Switching loss 
and the temperature increase are reduced as much as possible 
in the higher temperature condition. As can be seen from FIG. 
3, each of the first time length DT1 and the second time length 
DT2 is defined as a dead-time when both the drive signals 
d H and d L are OFF. The first time length DT1 and the 
second time length DT2 are adjusted according to an actual 
dead-time DTO where both the gate signals GU and GL are 
OFF. In an example shown in FIG. 3, the switching speed and 
the dead-time are changed at the same time after the tempera 
ture of the switching devices SH and SL changes across the 
threshold temperature T0. Alternatively, there can be a delay 
between when the Switching speed is changed and when the 
dead-time is changed. The first speed Sp1, the second speed 
Sp2, the first time length DT1, and the second time length 
DT2 are hereinafter sometimes referred to as the “slower 
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speed Sp1, the “faster speed Sp2, the “longer time length 
DT1, and the “shorter time length DT2, respectively. 

In the power converter 100, the determination circuit 23 of 
the gate control circuit 20 monitors the temperature of the 
switching devices SH and SL based on the temperature signal 
S1 from the temperature sensor 30. In the lower temperature 
condition, the Switching speed Switcher 24 and the dead-time 
generator 22 of the gate control circuit 20 set the Switching 
speed to the slower speed Sp1 and set the dead-time to the 
longer time length DT1. In the higher temperature condition, 
the Switching speed Switcher 24 and the dead-time generator 
22 of the gate control circuit 20 set the switching speed to the 
faster speed Sp2 and set the dead-time to the shorter time 
length DT2. 

Alternatively, the temperature of the switching devices SH 
and SL can be estimated from a load condition of the switch 
ing devices SH and SL. For example, the load condition of the 
switching devices SH and SL can be detected based on signals 
inputted to the power converter 100. 
As described above, according to the first embodiment, the 

temperature of the switching devices SH and SL is measured 
by the temperature sensor 30. In the lower temperature con 
dition where the temperature of the switching devices SH and 
SL is lower than the threshold temperature T0, the gate con 
trol circuit 20 sets the switching speed to the slower speed Sp1 
and sets the dead-time to the longer time length DT1 so that 
the Surge Voltage can be kept Smaller than the breakdown 
voltage. In the higher temperature where the temperature of 
the switching devices SH and SL is not lower than the thresh 
old temperature T0, the gate control circuit 20 sets the switch 
ing speed to the faster speed Sp2 and sets the dead-time to the 
shorter time length DT2 so that the switching loss can be 
reduced as much as possible. 

In Such an approach, the two challenges (i.e. to protect the 
switching devices SH and SL from the surge voltage and to 
reduce the switching loss of the switching devices SH and SL) 
having the trade-off relationship can be overcome by using a 
general switching device for the switching devices SH and 
SL. Further, since the temperature of the switching devices 
SH and SL is directly measured by the temperature sensor 30, 
the temperature of the switching devices SH and SL can be 
accurately measured. Therefore, the two challenges can be 
overcome in an efficient manner. Furthermore, since the 
dead-time is set according to the Switching speed which is 
optimized at each temperature, the total Voltage utilization 
factor of the power converter 100 is improved. 

In the example shown in FIG. 3, the gate control circuit 20 
changes the Switching speed from the slower speed Sp1 to the 
faster speed Sp2 in a first transition from the low temperature 
condition to the high temperature condition. In contrast, the 
gate control circuit 20 changes the Switching speed from the 
faster speed Sp2 to the slower speed Sp1 in a second transition 
from the high temperature condition to the low temperature 
condition. In the case of the first transition, it is preferable that 
the dead-time should be changed after the Switching speed is 
changed. In the case of the second transition, it is preferable 
that the dead-time should be changed before the switching 
speed is changed. In Such an approach, a delay between when 
the Switching speed is changed and when the dead-time is 
changed is provided so that a short-circuit in the DC power 
source E can be surely prevented. 

Further, the threshold temperature T0 can include a first 
threshold temperature and a second temperature different 
from the first threshold temperature. The first threshold tem 
perature is used as a threshold for the first transition, and the 
second threshold temperature is used as a threshold for the 
second transition. Specifically, when the temperature of the 
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8 
switching devices SH and SL increases from below to above 
the first threshold temperature, the switching speed can be 
changed from the slower speed Sp1 to the faster speed Sp2. 
and the dead-time can be changed from the longer time length 
DT1 to the shorter time length DT2. Then, when the tempera 
ture of the switching devices SH and SL decreases from above 
to below the second threshold temperature, the switching 
speed can be changed from the faster speed Sp2 to the slower 
speed Sp1, and the dead-time can be changed from the shorter 
time length DT2 to the longer time length DT1. 

In this way, in the power converter 100 according to the first 
embodiment, while the Surge Voltage is kept Smaller than the 
breakdown Voltage, the Switching loss is reduced as much as 
possible. Thus, the power converter 100 achieves a stable and 
efficient operation without increases in size and cost. 

Next, the determination circuit 23, the switching speed 
switcher 24, and the dead-time generator 22 of the power 
converter 100 are described in detail. 

FIG. 4A illustrates a determination circuit 23a as a specific 
example of the determination circuit 23. 
As shown in FIG. 4A, the determination circuit 23a 

includes a comparator Cp1 and an NOT gate (i.e., inverter) I1. 
The comparator Cpl makes a comparison between the tem 
perature signal S1 and a reference Voltage Vr1. As shown in 
FIG. 4B, the reference voltage Vr1 corresponds to the thresh 
old temperature T0 shown in FIG. 3. The comparator Cp1 
outputs a logic high signal or a logic low signal based on a 
result of the comparison. An output signal of the comparator 
Cp1 is inputted to and logically inverted by the NOT gate I1. 
An output signal of the NOT gate is outputted as the Switching 
speed change signal S4 and the dead-time change signal S2 
from the determination circuit 23a. Specifically, as shown in 
FIG. 4C, when the NOT gate I1 outputs a logic low signal, the 
Switching speed is set to the faster speed Sp2, and the dead 
time is set to the shorter time length DT2. In contrast, when 
the NOT gate I1 outputs a logic high signal, the Switching 
speed is set to the slower speed Sp1, and the dead-time is set 
to the longer time length DT1. 
FIG.5A illustrates a switching speed switcher 24a as a first 

specific example of the switching speed switcher 24. FIG. 5B 
illustrates a Switching speed Switcher 24b as a second specific 
example of the Switching speed Switcher 24. 
As shown in FIG. 5A, the switching speed switcher 24a 

includes driving transistors Q1U and Q1L, the resistors R1 
and R2, and the switch K1. As mentioned previously, the 
switch K1 is turned ON and OFF in accordance with the 
Switching speed change signal S4 from the determination 
circuit 23 So that a gate input resistance of the lower Switching 
device SL can be changed. 
As shown in FIG. 5B, the switching speed switcher 24b 

includes the driving transistors Q1U and Q1 L, driving tran 
sistors Q2U and Q2L, switches K2 and K3, and a resistor R3. 
The driving transistor Q1U is connected in parallel with the 
driving transistor Q2U through the switch K2. The driving 
transistor Q1L is connected in parallel with the driving tran 
sistor Q2L through the switch K3. The switches K2 and K3 
are turned ON and OFF in accordance with the switching 
speed change signal S4 from the determination circuit 23 So 
that the number of the driving transistors connected in parallel 
can be changed. Thus, an ON-resistance of the Switching 
speed Switcher 24b is changed so that the Switching speed of 
the lower Switching device SL can be changed. 
The specific examples shown in FIGS. 5A and 5B corre 

spond to a lower part of the Switching speed Switcher 24 to 
apply the gate signal GL to the lower Switching device SL. 
Although not shown in the drawings, an upper part of the 
Switching speed Switcher 24 to apply the gate signal GU to the 
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upper Switching device SH can be configured in the same 
manner as the lower part of the Switching speed Switcher 24. 

FIG. 6 illustrates a dead-time generator 22a as a first spe 
cific example of the dead-time generator 22. The dead-time 
generator 22a is configured as an analog circuit. An upperpart 
of the dead-time generator 22a to output the drive signald H 
includes resistors R4 and R5, a capacitor C1, a diode D1, a 
switch K4, and an amplifier A1. The resistors R4 and R5 and 
the capacitor C1 are connected to form a RC circuit. The 
diode D1 is connected in antiparallel with the resistor R4. The 
switch K1 connects and disconnects the resistor R5 to and 
from the resistor R4. That is, the switch. K1 changes a con 
nection condition of the resistor R5. The amplifier A1 
receives a voltage waveform VH from the RC circuit and 
outputs the drive signald H. 
As shown in FIG. 6, a lower part of the dead-time generator 

22a to output the drive signald L is configured in almost the 
same manner as the upper part of the dead-time generator 
22a. A difference between the upper part and the lower part of 
the dead-time generator 22a is that the lower part of the 
dead-time generator 22a further has an NOT gate (i.e., 
inverter) 12. The PWM signal S3 from the drive signal gen 
erator 21 is inputted directly to the RC circuit of the upperpart 
of the dead-time generator 22a. In contrast, the PWM signal 
S3 is inputted through the NOT gate 12 to the RC circuit of the 
lower part of the dead-time generator 22a. Thus, a logic level 
of the PWM signal S3 inputted to the lower part of the dead 
time generator 22 is opposite to the logic level of the PWM 
signal S3 inputted to the upperpart of the dead-time generator 
22. The switch K4 of each of the upper part and the lower part 
of the dead-time generator 22a is turned ON and OFF in 
accordance with the dead-time change signal S2 from the 
determination circuit 23. 
When the switch K4 is turned ON and OFF in accordance 

with the dead-time change signal S2, the connection condi 
tion of the resistor R5 is changed so that a time constant of the 
RC circuit can be changed. Accordingly, rise times of the 
voltage waveform VHand VL outputted from the RC circuits 
are changed. Then, the voltage waveform VH and VL are 
shaped by the amplifiers A1 into pulse waveforms corre 
sponding to the drive signals d H and d L, respectively. 
Thus, as shown in FIG. 7, the dead-time can be changed 
between the longer time length DT1 and the shorter time 
length DT2. 

FIG. 8 illustrates a dead-time generator 22b as a second 
specific example of the dead-time generator 22. The dead 
time generator 22b is configured as a digital circuit. FIG. 9 is 
a timing chart of the dead-time generator 22b shown in FIG. 
8. 
The dead-time generator 22b includes a first section 22b1 

and a second section 22b2. The first section 22b1 includes two 
flip-flops FF1 and FF2, two AND gates AN1 and AN2, and an 
NOT gate 13 for inverting a logic level of a clock signal CLK1 
outputted from the second section 22b2. The second section 
22b2 includes a flip-flop FF10, a clock pulse generator CPG, 
a NOT gate 14, two AND gates AN3 and AN4, and an OR gate 
OR1. 

Operations of the dead-time generator 22b are described 
below with reference to FIGS. 8 and 9. 
A logic low level of the dead-time change signal S2 acts as 

a command for setting the dead-time to the shorter time length 
DT2. In contrast, a logic high level of the dead-time change 
signal S2 acts as a command for setting the dead-time to the 
longer time length DT1. The clock pulse generator CPG 
generates a base clock signal CLK. The base clock signal 
CLK is inputted to a clockinput CK0 of the flip-flop FF0. The 
flip-flop FF0 outputs a signal Q0 in response to the base clock 
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10 
signal CLK. As shown in FIG.9, a period of the signal Q0 is 
twice as long as a period of the base clock signal CLK. When 
the dead-time change signal S2 is at a logic low level, the 
signal Q0 is outputted from the AND gate AN3. In contrast, 
when the dead-time change signal S2 is at a logic high level. 
the base clock signal CLK is outputted from the AND gate 
AN4. Therefore, the clock signal CLK1 outputted from the 
OR gate OR1 changes as shown in FIG. 9. 
The clock signal CLK1 outputted from the OR gate OR1 is 

inputted directly to a clock input CK1 of the flip-flop FF1. In 
contrast, the clock signal CLK1 is inputted through the NOT 
gate 13 to a clockinput CK2 of the flip-flop FF2. Thus, a logic 
level of a clock signal CLK2 inputted to the clock input CK2 
of the flip-flop FF2 is opposite to a logic level of the clock 
signal CLK1 inputted to the clock input CK1 of the flip-flop 
FF1. 
The PWM signal S3 from the drive signal generator 21 is 

inputted directly to an input D1 of the flip-flop. FF1. The 
flip-flop FF1 outputs a signal Q1 and an inverse signal of the 
signal Q1 in response to the PWM signal S3. Because of the 
clock signal CLK1, the signal Q1 has a predetermined time 
delay relative to the PWM signal S3. The inverse signal of the 
signal Q1 is inputted to an input D2 of the flip-flop FF2. The 
flip-flop FF2 outputs a signal Q2 and an inverse signal of the 
signal Q2 in response to the inverse signal of the signal Q1. 
Because of the clock signal CLK2, the signal Q2 has a pre 
determined time delay relative to the inverse signal of the 
signal Q1. 
The AND gate AN1 performs an AND operation between 

the signal Q1 from the flip-flop FF1 and the inversion signal 
of the signal Q2 from the flip-flop FF2, thereby outputting the 
drive signal d H. The AND gate AN2 performs an AND 
operation between the inversion signal of the signal Q1 from 
the flip-flop FF1 and the signal Q2 from the flip-flop FF2, 
thereby outputting the drive signald L. In this way, as shown 
in FIG. 9, when the dead-time change signal S2 is at a logic 
low level, the dead-time is set to the shorter time length DT2, 
and when the dead-time change signal S2 is at a logic high 
level, the dead-time is set to the longer time length DT1. 

In the power converter 100, there is a need to change the 
Switching speed and the dead-time at an appropriate timing to 
prevent a short-circuit in the DC power supply E and to 
provide the right amount of the dead-time. FIGS. 10, 11, 12. 
and 13 show examples of a control method performed in the 
gate control circuit 20 to change the Switching speed and the 
dead-time at the appropriate timing. For the sake of simplic 
ity, FIGS. 10-13 do not reflect the change in the switching 
speed and the dead-time to the gate signals GU and GL. 

FIG. 10 shows a first example of the control method to 
change the Switching speed and the dead-time. 

In FIG. 10, a change timing of the Switching speed is 
indicated by a dashed dotted line, and a changing timing of 
the dead-time is indicated by a dashed two-dotted line. As 
shown in FIG. 10, the change timing of the Switching speed is 
displaced from the changing timing of the dead-time by one 
pulse of the gate signal GU or GL. Specifically, in the first 
transition from the low temperature condition to the high 
temperature condition, after the temperature signal S1 
exceeds a threshold temperature T0a at a time ta, the switch 
ing speed is changed from the slower speed Sp1 to the faster 
speed Sp2 in response to a pulse UPa of the gate signal GU, 
and then the dead-time is changed from the longer time length 
DT1 to the shorter time length DT2 in response to a pulse LPa 
of the gate signal GL immediately after the pulse UPa. In 
contrast, in the second transition from the high temperature 
condition to the low temperature condition, after the tempera 
ture signal S1 falls below a threshold temperature T0b at a 
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time th, the dead-time is changed from the shorter time length 
DT2 to the longer time length DT1 in response to a pulse UPb 
of the gate signal GU, and then the Switching speed is changed 
from the faster speed Sp2 to the slower speed Sp1 in response 
to a pulse LPb of the gate signal GL immediately after the 
pulse UPb. The control method shown in FIG. 10 surely 
prevents a short-circuit in the DC power source E and also 
improves a Voltage utilization factor of the power converter 
100 as much as possible. 

FIG. 11 shows a second example of the control method to 
change the Switching speed and the dead-time. 
As indicated by a dashed two-dotted line in FIG. 11, 

according to the second example, the Switching speed and the 
dead-time are changed at the same timing during a time 
period where one pulse of the gate signal GL Supplied to the 
lower switching device SL is removed. Specifically, in the 
first transition from the low temperature condition to the high 
temperature condition, one pulse LPc of the gate signal GL is 
removed immediately after the temperature signal S1 exceeds 
a threshold temperature T0c at a time tc., and the switching 
speed and the dead-time are changed at the same time during 
a time period where the pulse LPc is removed. In contrast, in 
the second transition from the high temperature condition to 
the low temperature condition, one pulse LPd of the gate 
signal GL is removed immediately after the temperature sig 
nal S1 falls below a threshold temperature T0d at a time td, 
and the Switching speed and the dead-time are changed at the 
same time during a time period where the pulse LPd is 
removed. It is noted that a waveform of a voltage applied to 
the motor M is not affected by the removal of the pulse of the 
gate signal GL, when the pulse of the gate signal GL is 
removed during a current phase where the diode DL is ener 
gized so that the lower switching device SL can be de-ener 
gized. The same operation can be achieved by removing a 
pulse of the gate signal GU applied to the upper Switching 
device SH during a current phase where the diode DH is 
energized. 

FIG. 12 shows a third example of the control method to 
change the Switching speed and the dead-time. 
As indicated by a dashed two-dotted line in FIG. 12, 

according to the third example, the Switching speed and the 
dead-time are changed at the same timing during a time 
period where one pulse of the gate signal GL Supplied to the 
lower switching device SL is removed. Specifically, in the 
first transition from the low temperature condition to the high 
temperature condition, one pulse LPe of the gate signal GL is 
removed immediately after the temperature signal S1 exceeds 
a threshold temperature T0e at a time te. Further, the gate 
signal GU supplied to the upper switching device SU is kept 
ON during an OFF period of the gate signal GL so that a width 
of a pulse UPe of the gate signal GU can be tripled. The 
Switching speed and the dead-time are changed at the same 
time during a time period where the width of the pulse UPe of 
the gate signal GU is tripled. In contrast, in the second tran 
sition from the high temperature condition to the low tem 
perature condition, one pulse LPf of the gate signal GL is 
removed immediately after the temperature signal S1 falls 
below a threshold temperature T0fat a time t?. Further, the 
gate signal GU is kept ON during an OFF period of the gate 
signal GL so that a width of a pulse UPf of the gate signal GU 
can be tripled. The Switching speed and the dead-time are 
changed at the same time during a time period where the 
width of the pulse UPf of the gate signal GU is tripled. In an 
example shown in FIG. 12, the pulse of the gate signal GL is 
removed. Alternatively, the pulse of the gate signal GU can be 
removed. 
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As described above, according to the second and third 

examples shown in FIGS. 11 and 12, the pulse of at least one 
of the gate signal GU and the gate signal GL is removed when 
the temperature signal S1 changes across the threshold value, 
and the Switching speed and the dead-time are changed dur 
ing a time period where the pulse is removed. In such an 
approach, a short-circuit in the DC power Supply E can be 
Surely prevented. 

FIG. 13 shows a fourth example of the control method to 
change the Switching speed and the dead-time. The fourth 
example is designed for a case where the motor M is driven by 
a two-phase modulation method. 
As shown in FIG. 13, in a two-phase modulation method, a 

control signal has a PWM period, a continuous ON period, 
and a continuous OFF period during one cycle of an electrical 
angle of the motor M. In this case, it is preferable that the 
Switching speed and the dead-time are changed during a 
period other than the PWM period. In an example shown in 
FIG. 13, after the temperature signal S1 exceeds a threshold 
temperature T0g at a time tg, the Switching speed and the 
dead-time are changed at the same time during the continuous 
ON period of the control signal. In such an approach, a short 
circuit in the DC power supply E can be surely prevented. 

In the first to fourth examples shown in FIGS. 10-13, it is 
preferable that the change timing at which the Switching 
speed and the dead-time are changed should be set to the 
center of an ON period or an OFF period of the gate signals 
GU or GL. In such an approach, a short-circuit in the DC 
power Supply E can be prevented more Surely. 

Second Embodiment 

FIG. 14 illustrates a block diagram of a power converter 
101 according to a second embodiment of the present disclo 
sure. Differences between the first embodiment and the sec 
ond embodiment are as follows. 
As can be seen by comparing FIGS. 1 and 14, the power 

converter 101 further includes a voltage sensor 25 for detect 
ing an input voltage from the DC power source E. For 
example, the voltage sensor 25 can be incorporated in an ECU 
of a gate control circuit 20a. The Voltage sensor 25 outputs an 
input voltage signal S6, indicative of the detected input volt 
age, to a determination circuit 23b of the gate control circuit 
20a. 

In an output circuit 10a of the power converter 101, a shunt 
resistor Rs is inserted in a series circuit of the upper and lower 
switching devices SH and SL. The power converter 101 fur 
ther includes a current sensor 31 for detecting an electric 
current (i.e., load current) flowing through the series circuit 
by detecting a Voltage across the shunt resistor RS. The cur 
rent sensor 31 outputs a current signal S7, indicative of the 
detected current, to the determination circuit 23a. The deter 
mination circuit 23b sets the switching speed and the dead 
time based on the temperature signal S1 from the temperature 
sensor 30, the input Voltage signal S6 from the Voltage sensor 
25, and the current signal S7 from the current sensor 31. 

Generally, in a power converter used for a system of a 
vehicle, an input voltage has a large amount of variation. 
Therefore, assuming that a motor is designed to perform a 
required operation at a predetermined input Voltage, the 
maximum input Voltage is enough to allow the motor to 
perform the required operation, but the minimum input Volt 
age may be insufficient to allow the motor to perform the 
required operation. The voltage sensor 25 of the power con 
verter 101 is used to optimize the switching speed and the 
dead-time, when the input Voltage has a large amount of 
variation. 
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Specifically, in a high Voltage condition where the input 
voltage from the DC power source E is higher than a prede 
termined reference Voltage, the Switching speed is set to a 
slower speed, and the dead-time is set to a longer time length. 
In contrast, in a low Voltage condition where the input Voltage 
is not higher than the reference Voltage, the Switching speed is 
set to a faster speed, and the dead-time is set to a shorter time 
length. 
FIG.15A shows necessary characteristics of the upper and 

lower switching devices SU and SL to drive the motor M on 
the input voltage from the DC power source E. 
A modulation factor of the power converter 101 is defined 

as a ratio of a line voltage applied to the motor M to the input 
Voltage. When the input Voltage is low, a large modulation 
factor is necessary to cause the motor M to produce the same 
RPM and torque as when the input Voltage is high. A conduc 
tion loss of the motor Mincreases in proportion to the modu 
lation factor, when the same torque is outputted. An allowable 
Switching loss decreases with an increase in the conduction 
loss at the same ambient temperature. 

Based on the necessary characteristics shown in FIG. 15A, 
according to the second embodiment, the Switching speed and 
the dead-time of the switching devices SH and SL are set as 
shown in FIG. 15B. That is, as mentioned above, in the high 
Voltage condition where the input Voltage is higher than a 
predetermined reference Voltage, the Switching speed is set to 
a slower speed, and the dead-time is set to a longer time 
length. In contrast, in a low Voltage condition where the input 
Voltage is not higher than the reference Voltage, the Switching 
speed is set to a faster speed, and the dead-time is set to a 
shorter time length. 
As shown in FIG. 15A, in the low voltage condition, since 

the allowable Switching loss is Small, the Switching speed is 
set to a faster speed to reduce the Switching speed. Further, in 
the low Voltage condition, since a required modulation factor 
is large, the dead-time is set to a shorter time length to 
increase a modulation factor. In Such an approach, as 
described later with reference to FIGS. 16A and 16B, an 
available RPM-torque range is expanded. In contrast, in the 
high Voltage condition, since an allowable Surge Voltage is 
Small, the Switching speed is set to a slower speed to reduce a 
Surge Voltage. Disadvantages of setting the Switching speed to 
a slower speed are that the Switching loss is increased and the 
modulation factor is reduced. However, as described later 
with reference to FIGS. 16A and 16B, the switching loss and 
the modulation factor have large margins in the high Voltage 
condition. Therefore, the disadvantages are no big deal. How 
ever, depending on system configurations such as a PWM 
frequency and a modulation method, there is a possibility that 
a ratio of the Switching loss to the conduction loss becomes 
large. Further, since the Switching loss increases in proportion 
to the input Voltage at the same Switching speed, a margin of 
the Switching loss may become Small in the high Voltage 
condition. Even in such a case, the available RPM-torque 
range can be expanded in the low Voltage condition by chang 
ing the Switching speed and the dead-time. 

FIGS. 16A and 16B show a result of an experiment per 
formed by the inventor to evaluate effects of the setting shown 
in FIG. 15B. 
The experiment is conducted under a condition that the 

PWM frequency is set to 20 kHz (i.e., period is 50 us). In a 
three-phase modulation method, when a dead-time is Zero, a 
theoretical voltage utilization factor is 0.866 (-V3/2). As 
shown in FIG. 16A, when the dead-time is 3 us, a voltage 
utilization factor corresponding to the maximum modulation 
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14 
factor is 0.814(0.866x(50-3)/50), and when the dead-time 
is 2 us, the voltage utilization factor is 0.831 (0.866x(50-2)/ 
50). 
As shown in FIG.16B, in the high voltage condition where 

the allowable Surge Voltage is Small, since the input Voltage is 
enough to allow the motor M to perform the required opera 
tion, the Switching speed is set to a slower speed to reduce a 
Surge Voltage. In contrast, in the low Voltage condition, the 
input voltage may be insufficient to allow the motor M to 
perform the required operation. Therefore, the switching 
speed is set to a faster speed, and the dead-time is set to a 
shorter speed to increase the modulation factor. In this way, 
according to the second embodiment, the Switching speed and 
the dead-time are set based on the input Voltage so that the 
available RPM-torque range can be expanded. 

FIG. 17A illustrates a determination circuit 23c as a first 
specific example of the determination circuit 23b shown in 
FIG 14. 
As shown in FIG. 17A, the determination circuit 23c 

includes a comparator Cp2 only. The comparator Cp2 makes 
a comparison between the input Voltage signal S6 outputted 
from the voltage sensor 25 and a predetermined reference 
Voltage Vr2. The comparator Cp2 outputs a logic high signal 
or a logic low signal based on a result of the comparison. 
Specifically, when the input Voltage signal S6 is not higher 
than the reference voltage Vr2, the comparator Cp2 outputs a 
logic low signal, and when the input Voltage signal S6 is 
higher than the reference voltage Vr2, the comparator Cp2 
outputs a logic high signal. An output signal of the compara 
tor Cp2 is outputted as the Switching speed change signal S4 
and the dead-time change signal S2 from the determination 
circuit 23c. 
As shown in FIG. 17B, when the comparator Cp2 outputs 

a logic low signal, the Switching speed is set to a faster speed, 
and the dead-time is set to a shorter time length. In contrast, 
when the comparator Cp2 outputs a logic high signal, the 
Switching speed is set to a slower speed, and the dead-time is 
set to a longer time length. Thus, as shown in FIG. 15B, in the 
low Voltage condition, the Switching speed is set to a faster 
speed, and the dead-time is set to a shorter time length. In 
contrast, in the high Voltage condition, the Switching speed is 
set to a slower speed, and the dead-time is set to a longer time 
length. 
As mentioned above, the power converter 101 includes the 

current sensor 31 for detecting the load current flowing 
through the series circuit of the switching devices SU and SL. 
According to the second embodiment, the Switching speed 
and the dead-time can be set based on the current signal S7 
outputted from the current sensor 31. 

FIG. 18 shows characteristics of the switching devices SU 
and SL on the load current. 
The switching devices SU and SL can be controlled based 

on the combination of the temperature signal S1 and the input 
Voltage signal S6 by taking into account of the characteristics 
shown in FIG. 18. 

For example, as shown in FIG. 18, when the load current is 
large, loss of the switching devices SU and SL is large. There 
fore, if the temperature of the switching devices SU and SL is 
high when the load current is large, it is effective to increase 
the switching speed in order to reduce the loss. Further, when 
the load current is large, an allowable Surge Voltage is Small. 
Therefore, if the temperature of the switching devices SU and 
SL is low or if the input voltage is high when the load current 
is large, it is effective to reduce the Switching speed in order 
to reduce a Surge Voltage. 

If the switching devices SU and SL have enough margin of 
an allowable Surge Voltage, the Switching speed can be 



US 9,143,079 B2 
15 

increased with an increase in the load current regardless of the 
temperature of the switching devices SU and SL and the input 
voltage. In contrast, if the switching devices SU and SL have 
enough margin of thermal tolerance, the Switching speed can 
be reduced with an increase in the load current. 
As it is well known, a ringing phenomenon occurs if the 

diodes DH and DL recover under a condition that a small 
amount of current flows through the diodes DH and DL. The 
ringing phenomenon can be prevented by increasing the gate 
resistances of the switching devices SU and SL when the load 
current is Small. In this case, for example, the gate resistances 
can be increased only when the switching devices SU and SL 
are turned ON. 

Likewise, the Switching speed can be changed only when 
the switching devices SU and SL are turned ON or OFF. 
Further, the Switching speed can be changed in a different 
manner (e.g., difference threshold or different logic) between 
the turn-ON and the turn-OFF of the switching devices SU 
and SL. 

FIG. 19A illustrates a determination circuit 23d as a second 
specific example of the determination circuit 23b shown in 
FIG. 14. The determination circuit 23d sets the switching 
speed and the dead-time based on all of the temperature signal 
S1, the input voltage signal S6, and the current signal S7. 
The determination circuit 23d includes a comparator Cp3 

in addition to the comparators Cp1 and Cp2. The comparator 
Cp3 makes a comparison between the current signal S7 and a 
predetermined reference Voltage Vr3 corresponding to a pre 
determined reference current. The comparator Cp3 outputs a 
logic high signal or a logic low signal based on a result of the 
comparison. Specifically, when the current signal S7 is not 
higher than the reference voltage Vr3, the comparator Cp3 
outputs a logic low signal, and when the current signal S7 is 
higher than the reference voltage Vr3, the comparator Cp3 
outputs a logic high signal. 
The determination circuit 23d further includes a logic cir 

cuit 26. The logic circuit 26 performs a predetermined logical 
operation of the output signals from the comparators Cp1. 
Cp2, and Cp3 and outputs a logic high signal or a logic low 
signal based on a result of the logical operation. 
As shown in FIG. 19B, when the logic circuit 26 outputs a 

logic low signal, the Switching speed is set to a faster speed, 
and the dead-time is set to a shorter time length, and when the 
logic circuit 26 outputs a logic high signal, the Switching 
speed is set to a slower speed, and the dead-time is set to a 
longer time length. Alternatively, when the logic circuit 26 
outputs a logic low signal, the Switching speed can be set to a 
slower speed, and the dead-time can be set to a longer time 
length, and when the logic circuit 26 outputs a logic high 
signal, the Switching speed can be set to a faster speed, and the 
dead-time can be set to a shorter time length. Further, the 
comparators Cp1, Cp2, and Cp3 can be replaced with an A/D 
converter. Further, the logic circuit 26 can output two or more 
bits to change the Switching speed and the dead-time in two or 
more levels. 
The determination circuit 23d further includes a delay cir 

cuit 27a. An output signal of the logic circuit 26 is inputted to 
the delay circuit 27a. Further, the PWM signal S3 outputted 
from the drive signal generator 21 is inputted to the delay 
circuit 27a. The delay circuit 27a outputs the switching speed 
change signal S4 and the dead-time change signal S2 syn 
chronously with the center of the pulse of the PWM signal S3. 
Instead of the PWM signal S3, a signal having the same phase 
as the PWM signal S3 can be inputted to the delay circuit 27a. 
For example, a carrier signal (e.g., triangular wave signal) 
used to generate the PWM signal S3 can be inputted to the 
delay circuit 27a. 
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In this way, the determination circuit 23d outputs the 

Switching speed change signal S4 and the dead-time change 
signal S2 synchronously with the center of the pulse of the 
PWM signal S3. The switching speed change signal S4 and 
the dead-time change signal S2 are inputted to the Switching 
speed Switcher 24 and the dead-time generator 22, respec 
tively. 

FIG. 20A illustrates a determination circuit 23e as a third 
specific example of the determination circuit 23b shown in 
FIG 14. 
A difference between the determination circuit 23d shown 

in FIG. 19A and the determination circuit 23e shown in FIG. 
20A is that the determination circuit 23e includes delay cir 
cuits 27b and 27.c instead of the delay circuit 27a. The delay 
circuit 27b outputs the Switching speed change signal S4, and 
the delay circuit 27.c outputs the dead-time change signal S2. 

In the determination circuit 23e, a large amount of delay is 
added to one of the Switching speed change signal S4 and the 
dead-time change signal S2 to achieve a stable operation 
without using the PWM signal S3. For example, when the 
output signal of the logic circuit 26 changes from a logic high 
level to a logic low level, a larger amount of delay (e.g., 
equivalent to one PWM signal) can be added to the dead-time 
change signal S2. In Such an approach, the Switching speed is 
changed to a faster speed before the dead-time is changed to 
a shorter time length. In contrast, when the output signal of 
the logic circuit 26 changes from a logic low level to a logic 
high level, a larger amount of delay (e.g., equivalent to one 
PWM signal) can be added to the switching speed change 
signal S4. In such an approach, the Switching speed is 
changed to a slower speed after the dead-time is changed to a 
longer time length. 

FIG. 21A illustrates a logic circuit 26a as a first specific 
example of the logic circuit 26 shown in FIGS. 19A and 20A. 
The logic circuit 26a includes an NOT gate 15 and an AND 

gate AN5 with two inputs. The logic circuit 26a sets the 
Switching speed and the dead-time based on the temperature 
signal S1 and the input Voltage signal S6 in accordance with 
a logic table shown in FIG. 21B. The logic table shown in 
FIG.21B is designed for the hardest allowable surge voltage. 
That is, according to the logic table shown in FIG. 21B, only 
when the temperature signal S1 is lower than the reference 
Voltage Vr1, and the input Voltage signal S6 is higher than the 
reference voltage Vr2, an output signal OUT of the AND gate 
AN5 becomes a logic high so that the switching speed can be 
set to a slower speed. It is noted that when the Switching speed 
is set to a slower speed, the dead-time is set to a longer time 
length. 
FIG.22A illustrates a logic circuit 26b as a second specific 

example of the logic circuit 26 shown in FIGS. 19A and 20A. 
The logic circuit 26b includes an NOT gate 16 and an AND 

gate AN6 with three inputs. The logic circuit 26b sets the 
Switching speed and the dead-time based on the temperature 
signal S1, the input Voltage signal S6, and the current signal 
S7 in accordance with a logic table shown in FIG.22B. The 
logic table shown in FIG. 22B is designed for the hardest 
allowable Surge Voltage. That is, according to the logic table 
shown in FIG. 22B, only when the temperature signal S1 is 
lower than the reference Voltage Vr1, the input Voltage signal 
S6 is higher than the reference voltage Vr2, and the current 
signal S7 is higher than the reference voltage Vr3, an output 
signal OUT of the AND gate AN6 becomes a logic high so 
that the Switching speed can be set to a slower speed. It is 
noted that when the Switching speed is set to a slower speed, 
the dead-time is set to a longer time length. 
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As described above, according to the second embodiment, 
the power converter 101 can achieve a stable and efficient 
operation without increases in size and cost. 

For example, the power converters 100 and 101 according 
to the embodiments can be used as an inverter for converting 
DC power to AC power. Further, since the power converters 
100 and 101 can have a small size and achieve a stable and 
efficient operation even in severe environments, the power 
converters 100 and 101 can be suitably used in a vehicle. 

Modifications 

While the present disclosure has been described with ref 
erence to embodiments thereof, it is to be understood that the 
disclosure is not limited to the embodiments and construc 
tions. The present disclosure is intended to cover various 
modification and equivalent arrangements. In addition, while 
the various combinations and configurations, other combina 
tions and configurations, including more, less or only a single 
element, are also within the spirit and scope of the present 
disclosure. 

For example, the switching devices SH and SL are not 
limited to MOSFETs. Further, the pulse-modulated gate sig 
nals GU and GL are not limited to pulse-width modulation 
(PWM) signals. For example, the pulse-modulated gate sig 
nals GU and GL can be pulse-frequency modulation (PFM) 
signals. 
What is claimed is: 
1. A power converter comprising: 
an output circuit including a upper Switching device con 

nected to a direct-current power Source and a lower 
Switching device connected in series with the upper 
Switching device, the output circuit configured to Supply 
power to a load from a connection point between the 
Switching devices; and 

a control circuit configured to Supply pulse-modulated 
control signals to the switching devices to turn ON and 
OFF the switching devices; and 

a temperature sensor configured to detect a temperature of 
each Switching device, wherein 

the control circuit variably sets a Switching speed and a 
dead-time of the Switching devices, the dead-time being 
defined as a time period where both of the switching 
devices are kept OFF, 

when the Switching speed is set to a first speed, the dead 
time is set to a first time length, 

when the Switching speed is set to a second speed faster 
than the first speed, the dead-time is set to a second time 
length shorter than the first time length, 

when the temperature is lower thana predetermined thresh 
old temperature, the Switching speed is set to the first 
speed, and the dead-time is set to the first time length, 
and 

when the temperature is not lower than the threshold tem 
perature, the Switching speed is set to the second speed, 
and the dead-time is set to the second time length. 

2. The power converter according to claim 1, wherein 
when the temperature increases from below to above the 

threshold temperature, the Switching speed is changed 
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from the first speed to the second speed before the dead 
time is changed from the first time length to the second 
time length, and 

when the temperature decreases from above to below the 
threshold temperature, the Switching speed is changed 
from the second speed to the first speed after the dead 
time is changed from the second time length to the first 
time length. 

3. The power converter according to claim 1, wherein 
the threshold temperature includes a first threshold tem 

perature and a second threshold temperature different 
from the first threshold temperature, 

when the temperature increases from below to above the 
first threshold temperature, the Switching speed is 
changed from the first speed to the second speed, and the 
dead-time is changed from the first time length to the 
second time length, and 

when the temperature decreases from above to below the 
second threshold temperature, the Switching speed is 
changed from the second speed to the first speed, and the 
dead-time is changed from the second time length to the 
first time length. 

4. The power converter according to claim 1, further com 
prising: 

a Voltage sensor configured to detect a Voltage inputted 
from the direct-current power source, wherein 

the Switching speed and the dead-time are changed based 
on the Voltage. 

5. The power converter according to claim 1, further com 
prising: 

a current sensor configured to detect a current flowing 
through the Switching devices, wherein 

the Switching speed and the dead-time are changed based 
on the current. 

6. The power converter according to claim 1, wherein 
the Switching speed and the dead-time are changed at dif 

ferent timings corresponding to one pulse of the pulse 
modulated control signals. 

7. The power converter according to claim 1, wherein 
the Switching speed and the dead-time are changed during 

a time period where a pulse of at least one of the pulse 
modulated control signals is removed. 

8. The power converter according to claim 1, wherein 
the power is Supplied to the load by a two-phase modula 

tion method, and 
the Switching speed and the dead-time are changed during 

a time period where the pulse-modulated control signals 
are not modulated. 

9. The power converter according to claim 1, wherein 
the Switching speed and the dead-time are changed syn 

chronously with the center of an ON period or an OFF 
period of the pulse-modulated control signals. 

10. The power converter according to claim 1, wherein 
the Switching speed is changed by changing input resis 

tances of the Switching devices. 
11. The power converter according to claim 1, wherein 
the output circuit is configured as an inverterfor converting 

direct-current power to alternating-current power. 
k k k k k 


